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ABSTRACT 
An investigation was tmdertaken to determine the effect of grinding 
on the acidulation of phosphate rock. Bench-scale work was carried out 
in a one quart, laboratory ball mill made of stainless steel* The mill 
was equipped with a heating chamber so that the material could also be 
dried in the mill. 
The results flxam this »joik Syndicated that a normal superphosphate 
product suitable for commercial use could be obtained vAthin an hour 
after the addition of the first acid. The product had low moisture and 
low free acid contents, and \inder suitable conditions, granular form. 
The mixing action of the balls resulted in good heat transfer during 
drying id.th little danger of overheating the product. Consequently, the 
drying air ten^ jeratxire had little effect on the product except in the rate 
of production. The reaction was sufficientjly rapid in the mill so that no 
preliminary grinding period was necessary before the drying operation vras 
started. Low acidulation ratios resulted in low conversions as in any 
normal superphosphate process. Low acid concentrations were more coi>-
ducive to a rapid reaction between the rock and acid. Below an acid 
strength of about 55 per cent, however, there was no further advantage 
in dilution. 
The favorable results of the bench-scale work led to the construction 
of a pilot plant to determine whether the process could be carried out on 
a larger scale and on a continuous basis. The process was built around a 
heated tube mill with a stainless steel lining and a feeding mechanism. 
Iv 
Heating was indirect. The acid and rock were fed into one end of the mill 
and product taken from the other* 
Success£\il pilot plant operation showed that the bench-scale results 
could be duplicated on a larger scale and on a continuous or s^ nicontinuous 
basis. Furthermore, it was demonstrated that the materials could be handled 
satisfactorily in the tube miH. Plugging and other difficulties were over­
come. 
Finally, an economic con5)arison of the process with an equivalent, 
standard, normal supexpho^ hate process indicated that the quick-curing 
process was favored. Fixed capital, production cost and working capital 
were estimated to be less than for a conventional, normal supexphosphate 
process. The estimated retwn on investment for a conventional plant was 
3#8 per cent while the equivalent quick-curing plant gave an estimated 5.6 
per cent. 
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IWrRODUCTION 
An ingjox-tant product of the reaction between sulfuric acid and 
pho^ hate rock is normal supeipho^ hate. Prom the standpoint of tonnage 
produced, this fertilizer material ranks first. As a result* many studies 
relative to its production have been made. The present work was concerned 
with (1) the effect of grinding during the reaction between sulfuric acid 
and pho^ hate rock and (2) the optimum drying conditions for the reaction 
mixture. 
Some of the variables considered in these studies were grinding 
teiperature, grinding time, drying tenperature, final moisture content, 
acidulation ratio and acid concentration. 
The Process 
Reactions 
It has been r^ orted (27 , 28) that the main constituent of phosphate 
rock is fluorapatite. The principle products of the action of sulfuric 
acid on fluoirapatite are monocalcium phosphate and calcium sulfate. The 
over-all reaction assumed to occur is frequently written 
CaioF2(POi^ )5 + 6H2S0j[^  + 3H2O —3Ca(H2P0i^ )2*H20 + 6CaS02^  + CaFg (D 
In practice, however, a part of the CaF2 reacts with additional acid to 
produce hydrogen fluoride. Between 20 and 35 per cent of the fluorine in 
the rock is evolved. 
Commercial normal superphosphate differs from the so-called double 
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or triple supeiphosphate in that phosphoric acid rather than sulfuric 
acid is used in the acidulation. In triple superpho^ hate the inportant 
fertilizer conpoxind is also monocalcium phosphate but calcium sulfate is 
absent in the product* As a result the total phosphate content of triple 
superphosphate is about three times that of normal supexphoi^ hate. 
In addition to the reaction indicated by Equation 1, two side re­
actions occur as a result of the liberated hydrogen fluoride acting upon 
the silica present in the rock: 
Recent evidence indicates that the over-all reaction, Ecjuation 1, 
takes place in three steps (23}« 
Nunn and Dee (22) described this sequence of reactions in the foUovring 
inannerj 
While fJree sulfuric acid is still present a little mono-
calcium phosphate is formed but the principle reaction is 
the formation of free phosphoric acid. With the disappearance 
of sulfuric acid (which with the rock of the usual fineness 
of grinding and acid concentrations of 70^  H2SOJI), takes place 
in 30 to kO minutes) formation of free phosphoric acid ceases. 
This free acid now forms 40 to of the total P2O5 and 
further interaction is between this and pi-eviously uncdianged 
rock, mainly to form mono-calcium phosphate. 
The liydration of monocalcium pho^ hate. Equation 6, has been indicated 
(16, 28) to account for the setting-up or hardening of normal supeipho^ h^ate. 
i+HF + SiOg —^  SiF^  + HgO 
3SLFi^ , + 3H2O  ^H2Si03 + 2H2SiF5 
(2) 
(3) 
 ^ + lOCaSO|^  + 2HF 
CaioF2(PO^ )6 + li+H^ POji^  10Ca(H2P0i^ )2 + 2HF 
Ca(H2P0|^ )2 + HgO —^  Ca(H2P0|^ )2*H20 
(5) 
(6) 
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The calolura sulfate present does not hydrate iinder the usual acidulation 
conditions. However, the hemihydrate and dihydrate of calcituu sulfate 
are found in the product of acidulation with unusually dilute acid. 
Drying the product seems to minimize sulfate hydration even vihen dilute 
acid has been used* 
Additional side reactions are knovm to occur as a result of is^ uri-
ties in the rock, such as: 
The number of pounds of pure sulfuric acid used per pound of PgO^  
in the rock is called the acidulation ratio. It may be seen from Equation 
1 that on a mole basis the acid required for the overuall inaction is 2 
moles of sulfuric acid for each mole of equivalent P2O5 in rock, In 
practice 2.6 moles of acid are used per mole of P20^  to allow for the re­
action between calcitim fluoride and impurities with the sulfuric acid. 
On a weight basis this amounts to an acidulation ratio of 1.8 pounds of 
acid per pound of PgO^  in the rock. Various investigators have studied 
the effect of acidulation ratio on the reaction (6, 9i 17» 22, 26). They 
have r^ orted that acidulation beyond a ratio of 1,8 tends to produce a 
product containing excessive free acid. On the other hand, underacidu-
lation tends to produce dicalcium pho^ hate and incon?>lete reactions. 
Factors affecting the reactions 
It is comnjonOy known that heat will increase the rate of reaction 
between acid and phosphate rock^  Less common is the knowledge of the 
CaCO^  + H2SO11, —^  CaSOj[j, + CO2 + ®^ 2® 
Fe203«3H20 + ijH3P0i^ —2H3Fe(P0f^ )2 + 
(7) 
(8) 
effect heat has upon the products of the reaction, 
Schlaeger (25) found that x^ on heating monocalcium pho^ hate at 
212°F« it began to lose its water of hydration. In order to crystallize 
anhydrous monocalcitun pho^ hate flrom a solution, a tenperature of at 
least 28^ oF* was found necessary to prevent formation of the monohydrate. 
When, however, monocalcium pho^ hate monohydrate was heated for 5 to 20 
hours at 28ifOF», it became coated with a glassy shell containing dicalcium 
phosphate. I'Jhen the monocalcium phosphate was heated for 11/^  hours at 
446®F. the product contained 7 per cent calciiim acid pyrophosphate. 
Dragunov (?) reported that heating monocalcium phosphate to a ten^ jerature 
as low as 302®F« resulted in the formation of some pyropho^ hate. The 
pyropho^ hate is a rather insoluble form of phosphate and not suitable as 
a fertilizer. Laboratory investigations by the Tennessee Valley Authority 
(3) with concentrated superpho^ hate indicated that heating the super­
phosphate a few hours at 392®F, resulted in only a sli^ t loss in phos­
phate solubility, while heating at tenqperatures above 572®F« resulted in 
a marked decrease in solubility. 
For majny years superphosphate producers were adverse to drying super­
phosphate because of the possibility of reversion of the soluble mono­
calcium pho;^ hate to an insoluble form (10, 23), Some of the confusion 
lay in the distinction between water solubility and neutral ammonium 
citrate solubility since dicalcium phosphate, one of the products of 
drying, is insoluble in water but soluble in neutral ammonium citrate. 
Most states now recognize the solubility of pho^ hates in neutral 
5 
ammoniunx citrate as a criterion of availability^ * 
A large proportion of the superpho^ hate produced is presently used 
for mixed fertilizer goods in ;<hich much of the nitrCgen is added by 
ammonia. Ammoniation of monocalcium pho^ hate produces dicalcium phos­
phate according to the following equation; 
Ca(H2p02,,)2 + —^ CaHPO^  + (9) 
If dicalcium phoi^ hate is already present in the si^ erphosphate, less 
ammonia will be absorbed at equilibritun. It wovild, therefore, be 
desirable to prevent overheating of the superphosphate in any drying 
operation to reduce the formation of appreciable amounts of dicalcium 
pho^ hate or the pyrophosphate. 
Acid concentration also effects the rate of reaction (15» 18, 22), 
the initial reaction rate increasing as more dilute acid is enplc^ ed.. 
Under normal conditions of acidulation, 70 per cent sulDaric acid appears 
to give the best results (22). Use of higher acid concentrations results 
in poor mixing while the calcium sulfate formed tends to coat the particles 
(15). On the other hand, use of too dilute acid results in a product with 
a hi^  moisture content and poor physical characteristics. The reaction 
is slow or inconplete with dilute acid because of the resulting low 
teii^ eratures. 
•^ he term availability, used synoi\ymous2y with conversion, refers to 
the per cent of the total P2O5 which is soluble in neutral aimnonium citrate 
solution. This is official escpressed as 
100 P2O5 - citrate insoluble P2O5 
total PgO^  
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Acid ten5)erat\ire Is of some ijff^ jortance. With cold acid the reaction 
is sluggish. With very hot acid the mixture of acid and rock thickens 
too readily (23). Acid ten^ jeratures of 100 to 150®F. are generally used 
(16). 
The effect of grinding the rock before acidulation has been shown 
to be beneficial (18, 22, 23)* However, in the size range of 21 to 93 
per cent minus 100 mesh, the effect of the fineness of the grind is very 
small. Ebctremely fine grinding, however, does increase the rate of re­
action (22), It has been postulated that coating of the rock particles 
with calcium sulfate is a controlling factor. 
Previous Work 
Ordinaiy superphosphate processes 
The usual procedure for making nowial superphosphate is quite 
siD$)le; The reccLiired amounts of acid and rock are mixed and the re­
action mixture is retained in some kind of closure a sufficient length 
of time for it to set up. The resulting porous solid is then broken tgp 
and transferred to piles for curing. About 30 days are \xsual2y allowed 
for the chemical reactions to go essentially to completion. The most 
notable changes during this curing period are the reduction in the free 
acid and moisture content. The change in ^ 2^ 5 availability with time 
for a commercial pile (28) and a small laboratory batdti are shown in 
Figure 1. The differences in P2O5 availability are largely the result 
of lower tai^ eratures in the laboratory batch. The usual fl^ e acid and 
moisture contents of commercial superphosphate are about 3 and 5 P®!* cent 
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re^ ectively. 
The closuTO In '(^ Ich the acid and irock is retained after mixing 
is quite varied. The oldest is a cement bin, called a den. The material 
is removed from this bin with a mechanical shovel. Later developments 
include the mechanization of the den to ireduce the amount of handling 
required. One of the most noteworthy innovations was that of the 
Sturdevant den (23. 27). The Sturdevant den is realHy a self-propelled 
flat car with removable sides. The floor of the flat car serves as the 
floor of the den. The wall at the rear of the den is stationary while 
the other three walls are ireraovable. A supporting structure around the 
car provides a roof for the den chamber and also suppoirts the mixer. 
A short time after the den is filled to the required hei^ t, the 
front and sides are removed and the solid superpho^ hate is disintegrated 
by a revolving cutter. The cutter removes the svqpeipho^ hate in slices 
about 1/8 inch thick. At the same time, the fanning action of the blades 
assists in the removal of gases and steam. 
Continuous processes 
Several processes have been proposed in which the mixing, hold-up, 
and disintegration are carried out corrtinuousily. For large scale pro­
duction a continuous process can result in considerable saving of manpower. 
The Broadfield process is one of the best known of the continuous 
processes (23» 27)» In this process the acid and rock are metered 
continuously and mixed in a pug mill having a residence time of 2 or 3 
minutes. The mixed material is discharged into a den consisting of a 
moving, endless conveyor with two similar conv^ ors forming the side walls. 
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Sifflns (2?) introduced a modification in which the side walls are station­
ary, The bottom conveyor carries the block toward a revolving cutter on 
an endless chain. The disintegrated superphosphate is then conveyed to 
storage for curing. 
In the Sackett process (6, 27) fluidized rock dust and an acid spray 
aro continuously injected into a mixing chamber. The resulting slurry 
falls to the bottom and is agitated by a mixer. The material is dis­
charged onto a continuous conveyor which has a hold-up of eqpproxljnately 
one hour. The superphosphate is disintegrated by a cutter and conveyed 
to storage for curing. This process is currently being used at Indianapolis, 
Ijidiana and Prairie du Chien, Wisconsin. 
Quick-curing processes 
A quick-curing process is one in idiich the curing period has been 
reduced or eliminated entirely. Bridger (3) suggested the following 
advantages of a quick-curing process} 
1. The product could be shipped directly, thus reducing 
the storage ^ ace required and the working capital 
tied up in the inventory. 
2. The opportunities for producing a granular superu 
phosphate would be greater. 
3« Operating conditions could be chosen vriLth more flexibility 
for attaining maximum conversion. 
4. Uncertainty of production rates would be eliminated because 
the final product would be produced in a matter of hours 
rather than about four weeks which are required in the 
storage-curing process. 
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An approach to quick-curing is achieved in the Davison process (35) 
using concentrated sulfuric acid (98 per cent) to produce a supezpho^ hate 
of low fluorine content. When the acid and rock are mixed, conversion is 
about 75 per cent. After mixing, the material is heated at tenperatures 
from 250 to 500®F. for about an hovir to flirther fluorine renioval. The 
material is then ground and fed into a rotary granulator i^ ere 1^  to 18 
parts by wei^ t of water are added to increase conversion and produce a 
granular product. Conversion is then about 91»5 P®r cent. After ten 
days to two weeks curing, the conversion is approximately 92.5 per cent. 
A q^ ck-curing process was developed at Iowa State College (5, 8, 1^ ) 
in which dilute acid, 50 to 65 per cent, was used and a product ready for 
immediate shipping was produced. In this process the acidulated mixture 
was dunped into a Sturdevant type den where solidification occurred. The 
mixture was disintegrated and moved by a belt conveyor to a Roto-Louvre 
dryer vrtiere the procSuct was dried at tenperatures below 275°F. Conversion 
amounted to about 93 per cent in the final product. 
In 1953 a process was anxKunced in Japan (20) in which the reaction 
between sulfuric acid and rock was promoted by passing an alternating 
electric current through the mixture for 2 1/2 hours. A conversion of 
about 96 per cent was obtained as a result of this treatment. However, 
an exceptionally hi^  acidulation ratio was used to achieve the quick-
curing effect. 
In Januaiy of 1957 the Tennessee Valley Authority announced a 
process (I3) for q\iick curing normal superphosphate. They used ultra-
finely ground pho^ hate rock with an excess of dilute acid. 
The economics of the last two processes are of dubious merit because 
11 
of the amount of aoid used. This may not, however, preclude their use 
in mixed goods. 
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BENCH.SCALE: WORK 
Materials and Equipment 
The Plorida pebble phosphate rock used for this study was obtained 
from the Davison Chemical Corporation plant at Peny, Iowa. Althou^  
the rock was tran^ orted from the plant and stored in covered 55-Eallon 
steel drums, sufficient moisture was present or adsorbed to cause 
agglomeration. In order for the feeding mechanism to work smoothHy 
it was necessaiy to have the rock of uniform size. The rock was 
therefore passed throu^  a gyratory crusher and rolls to break up 
the luiqps* Little, if axiy, actvial grinding took place* 
Moisture and free acid analyses were carried out according to 
the procedures of the Association of Official Agricultural Chemists 
(2). The colorimetric procedure of Bridger, Boylan and Markey (^ ) 
for phosphate was used in the determination of P2®5* Analyses of 
samples of the pho^ hate rock were found to agree substantially with 
those of Drobot (8) ;dio originally purchased and analyzed the rock. 
Table 1 gives the chemical analysis of the rock as determined by 
Drobot (8). 
Screen analyses were made with a !^ ler Ro-Tap. These analyses 
differ somewhat from those of Drobot. Apparently considerable 
agglomeration had taken place. The size distribution of the rock 
before grinding is shorn in Table 2. 
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Table 3.. Chemical conqjosition of Florida pebble phosphate rook 
(diy basis) 
Wei^ t Wei^ t 
CoMponent per cent Cc»iponent per cent 
CaO 7^.8 
to 
0.2 
MgO O.if F®2®3 1.05 
P k.6 AI2O3 1.35 
P2O5 33.^  Si02 9.07 
72.8 >foisture 0.51 
& Not determined by Drobot 
.^epresents bone phosphate of lime or equivalent per cent of Cab^ (?0i^ )2 
Table 2. Screen analysis of the Florida pebble phosphate rock 
Screen mesh Wei^ t per cent of sample 
+65 7.1 
- 65 +100 15.1 
-100 +150 7.5 
-150 +200 27.2 
-200 4^.3.1 
Vi-
Concentrated sulfuric acid was diluted to about 72 per cent for use 
in the laboratory work. The exact concentration was then determined by 
titration. The density was evaluated with an accurate hydrometer. 
A ball mill was selected to carry out the grinding for several 
reasons! (1) sin^ licity of construction* (2) ease of heating, and 
(3) adaptability to fine grinding. The use of a ball mill for phosphate 
rock grinding has been previously demonstrated (21, 23). 
All bexichoscale grinding was accon^ li^ ed in the laboratory, one 
quart, stainless steel ball mill shown in Figure 2. The mill contained 
4.5 pounds of 0.75 inch stainless steel balls. The mill cover was equipped 
with a vent tube in a rotating joizxb, as shovm in Figures 3 and 'f, to 
peiroit refluxing of the vapor or drying to take place at atmospheric 
pressure. 
The ball mill itself was enclosed in a chamber which could be 
heated indirectly as shown by Figure k* This heating shell was con­
structed of 18 gage galvanized iron and provision was made to measure 
the tenperatxires of the gas within the mill chamber. 
The mill was equipped with two condensers. A vertical condenser 
was used to reflux any escaping vapors when drying was not desired and 
an inclined condenser, shown connected in Figure 2, was used to condense 
the vapors coming from the mill during the diying operation. Measurement 
of the amount of condensate gave a good indication of the progress of 
drying* 
A 10 mesh screen was used to separate the hot dried product from the 
balls after the final drying step. 
Figure 2. Assembled laboratory ball mill and heating unit 
Figure 3- Disassambled laboratozy ball mill vdth balls and 
screen for recovering product 
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Procedure 
In all cases the desired quantities of 72 per cent suli\aric acid 
and rock were first mixed in a glass beaker. Much of the hydrogen 
fluoride was evolved at this point. The mixture was then enptied into 
the mill and the last traces of rock and acid were washed from the 
beaker with the required amount of water to give the proper acid strength. 
After the mill was assembled, gzdnding was started and the reflux 
condenser attached. Heated grinding was accooplished by maintaining the 
mill chamber tenjjerature between 110 and 115®C, Actual product teinperature 
at this point was about 103®C., measured ty means of a thermocouple 
inserted through the vent tube into the mill. Because it could not 
stand the abuse within the mill the thermocouple was used intermittently. 
Care had to be taken to prevent the rotating joint from becoming plugged 
and causing pressure within the mill. 
Vftxen the grinding action with reflux had continued for the desired 
length of time, dxying was started. The reflux condenser was remorved, 
the inclined condenser connected aiui the heat iiput was increased to 
maintain the required mill chamber drying ten^ jerature. It was discovered 
in earlier runs that a white, crystalline precipitate formed in the con­
denser tube at a prodact moistpure content of about 3 or ^  per cent. The 
precipitate was silicic acid tdnich resulted from the evolution of silicon 
tetrafluoride in the side reactions Equations 2 and 3, and was observed 
by Siems to occur at a product tenperatures between 102 and 113®C. (28). 
This precipitate formation was used as a criterion for stopping the drying 
operation in many of the runs. 
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At the end of the dxying step the product was removed ftom the mill 
and immediately sealed in a sainple bottle for analysis. The balls and 
mill were cleaned for the netxt run by 3?eplacing the balls in the mill, 
adding water, running the mill for about 10 minutes and finaUy zlnsing 
with clean water* 
Analyses of the product sattples were carried out according to the 
same procedure as for the rode sanples* These analyses were made as soon 
as possible after conpletion of a run. Where the moistixre content was 
hi^  or saii$>les were taken "wet",' the analyses were started immediately. 
Amlysis of sanples with less than 5 per cent moisture were frequently 
allowed to stand ovemi^ t. Determination of conversion as a function 
of time for these sairples showed that the change in conversion was 
negligible in this period. This was also suggested by Bridger and 
Kapusta (5), 
Results and Evaluation of Results 
Qoick-cured normal supeiphosphate was made in the laboratozy ball 
mill in batches containing 50 and 100 grams of rock. The variables 
studies were grinding t®i5>erature, grinding time, drying tooperature, 
acidulation ratio and acid concentration. The results of these studies 
are given in Table 3* 
In order to ascertain more conpletely what occurs \q)on acidulation 
of phosphate rock, a microscopic examination of the rock before and after 
acidulation was made. The production of a large amount of fines is the 
primary effect. Figures 5 and 6 aire photomicrographs showing this effect. 
Table 3* Laboratoiy ball mill data 
Wei^  
of Acid Drying 
Run rock Acidal, conc.« Prelim, ten^ ). 
no. gn. ratio per cent grind ®C. 
54a 50 1.45 39.1 hot^  125 
56a 50 1.45 39.1 hot 125 
61-1 100 1.80 39.1 cold^  150 
6i-n 100 1.80 39.1 cold 150 
61-111 100 1.80 39.1 cold 150 
62-1 100 1.80 39.1 cold 125 
62-11 100 1.80 39.1 cold 125 
63-11 100 1.80 39.1 cold 125 
64-1 100 1.80 39.1 cold. 150 
6i^ .ii 100 1.80 39.1 cold 150 
65 100 1.80 39.1 cold 125 
69 100 1.80 39.1 cold 135 
70 100 1.80 39.1 hot 135 
71 100 1.80 39.1 hot 125 
72 100 1.80 44.6 cold 125 
73 100 1.80 39.1 hot 125 
74 100 1.58 37.4 hot 125 
75 100 1.80 39.1 hot 150 
76 100 1.80 39.1 hot 125 
77 100 1.80 55.5 cold 125 
M^ill chamber toqieratiire was 115 ®C. 
A^bout room tenjjerature 
Prodact analysis, per cent 
Total C.I, Avail. fVee 
2^^ 5 2^^ 5 Comr. Moist, acid 
21.6 4.2 
22.5 4.2 
20.5 1.0 
20.0 0.7 
20.3 1.1 
19.8 0.6 
19.7 0.6 
20.4 0.8 
21.7 1.2 
21.2 1.4 
21.2 1.0 
20.3 0.8 
20.6 0.8 
20.9 0.7 
21.8 0.7 
21.6 1.1 
22.1 2.6 
20.3 1.0 
20.7 0.6 
22.5 1.2 
17.^  80.6 
18.3 81.5 
19.5 95.1 
19.3 96.5 
19.2 9^ .6 
19.2 97.0 
19.1 97.0 
19.6 96.0 
20.5 95.5 
19.8 93.5 
20.2 95.5 
19.5 95.9 
19.8 96.1 
20.2 96.6 
21.1 96.9 
20.5 9J^ .9 
19.5 88.1 
19.3 95.0 
20.1 97.1 
21.3 9^ '6 
2.53 
2.33 
3.3^  2.28 
2.91 1.56 
2.67 1.56 
5.02 1.11 
i+.08 1.9^  
3.39 1.91 
3.33 3.28 
3.90 2.14 
3.25 1.14 
3.78 0.87 
3.98 0.60 
4.66 2.34 
2.60 3.^ 2 
4.90 0.74 
2.66 2.08 
3.53 2.36 
3.43 0.56 
3.46 1.81 
Table 3» (Contimed) 
Weight  ^
of Acid Diying Prodact analysis^  per cent 
Rin rock Acidal. conc.. Prelim. teap. Total C.I. Avail. Free 
no. gm. ratio per cent grind ®C. P2O5 P2O5 2^^ 5 Conw. Moist, acid 
78 100 li80 72.2 cold 125 22,6 4.3 18.3 80.9 2.56 2.62 
79 100 1.80 39.1 hot 135 20.7 0.8 19.9 96.0 2.78 2.55 
80-1 100 1.80 39.1 hot 150 20.8 0.7 20.1 96.6 3.07 1.88 
81 100 1.80 39.1 cold 135 20.7 1.0 19.7 95.2 3.40 1.21 
82 100 1.58 37.^  hot 125 21.6 2.1 19.5 90.3 3.17 0.13 
87 100 1.80 39.1 cold 165 20.if 0.6 19.8 97.1 3.46 0.94 
89 100 1.80 55.5 none 125 20,3 0.5 19.8 97.5 5.81 1.79 
90 100 1.80 39.1 cold 135 21.7 0.9 20.8 95.8 2.73 2.51 
91 100 1.80 55.5 none 25.5 1.5 24.0 94.2 4.06 3.24 
92-1 300 1.80 39.1 _ c d lif.2 3.6 10.6 74.6 _ 9.05 
92-11 300 1.80 39.1 _ e 135 21.0 1.1 19.9 94.7 2.58 3.04 
93 100 1.80 39.1 cold 185 20.6 0.5 20.1 97-6 4.69 1.67 
9^ 1 100 1.80 61.1 cold 125^  21.9 1.2 20.7 94.5 2.75 2.74 
9^ 11 100 1.80 61.1 cold 125^  21.5 0.9 20.6 95.8 3.82 2.34 
96-11 100 1.80 39.1 cold 125 21.il- 0.7 20.7 96.7 3.18 1.50 
97 100 1;80 39.1 cold 200 19.9 0.6 19.3 97.0 4.32 2.14 
10^ 1. 100 1.80 39.1 cold 20.^ 4- 0.5 19.9 97.5 3.31 1.54 
115 100 1.80 39.1 45 min. d 13.9 1.2 12.7 86.3 mm mm 
120 100 1.80 55.5 none 135 21.0 0.6 20.4 97.2 1.94 1.59 
M^aterial mixed in Mixnaster rather than mill 
^^ Analysis of wet material ground cold, no drying used 
®Material from 92-1 placed in mill for drying 
•••Analysis of material caked on wall of mill 
Table 3* (Contimed) 
Wei^  
of Acid Drying 
Run rock Acidul. conc.. Prelim. tenm. Total C.I. Avail. Free 
no« gm. ratio per cent grind «C. P2O5 P2O5 P2O5 Com-. Moist. acid 
121-1 100 1.80 39.1 15 min. - d 13.^  2.8 11.6 86.5 
12L-II 100 1.80 39.1 30 ndn. _ d 19.2 2.6 16.6 86.5 * — 
121^ 111 100 1.80 39.1 60 min. d 13.9 2.0 11.9 85.6 — -
122-1 100 1,80 39.1 none « d 18.8 7*8 11.0 58.5 • — 
122-11 100 1.80 39.1 5 min. d 13-0 2.0 11.0 m.6 — -
132 100 1.80 72.0 cold 125 20.6 1.5 19.1 92.8 0.5^  -
13^  100 1.80 72.0 cold 125 20.8 2.0 18.8 90.i|- 3.17 -
150 100 1.02 50.0 cold 125 25.2 10.7 m-.s 57.5 2.63 1.32 
Figure 5« Photomicrogr^ h of raw phosphate rock, lOOK 
magnification 
Figure 6. Photomicrograph of freshly acidulated pho^ hate 
rock, lOOX magnification 
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The break up of the rock on acidulation as shown in these photos should 
be of considerable interest for oonxneroial production. These fines, 
however, do not contribute heavily to the total wei^ t. 
The effect of mill chamber dxying ten^ erature on the conversion of 
normal superphosphate is shown in Figures 7 8* samples were pre> 
ground either hot or cold for k5 minutes before starting the diying 
operation. These data indicate that grinding teiqperatiLre has little or 
no effect on the final conversion of the product. The data also indicate 
no significant difference between pregrinding the sanple X4ith or without 
heating. 
Actual measux*ements of the product toi^ rature were made vdien a mill 
chamber drying tenperature of 185°C. was used. Althou^  the product 
temperature measuronents were made about 5 minutes after the moisture 
had dropped to 3 psr cent, as indicated by the precipitate foimation in 
the condenser, the product ten5>erature was still below 147®C. After 5 
more minutes the product temperature increased another 10 degrees. This 
indicated that, generally, the mill chamber drying tea^ jerature had little 
effect on the product taiperature as long as the moisture content of the 
product was above 3 P©** cent. The only effect was on the drying rate. 
\ 
It may be noted that drying proceeded rapidly in the ball mill even 
at teniperatures as low as 125®C. in the mill chamber. Recently Hatch and 
Regen (12) investigated drying under similar conditions with equally rapid 
drying rates. 
Ko consistent correlation between final free acid and moisture content 
was indicated and little variation was found in the actual value of either. 
Free moisture content varied between 2.5 and ^ .9 per cent while the ftee 
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acid content ranged Urom 0,5 to 3*5 per cent. These values coii?)are 
favorably with conaaon commercial supexpho^ hate (27)» 
Decrease in the aoidalation ratio below the recommended 1.8 caused 
a rapid drop in the conversion of the product as shown in Plgure 9* This 
same effect of acidulation ratio was noted by Bridger and Kapuata (5)» 
Figure 10 shows that the effect of acid concentration used in the 
acidulation was small as long as the acid strength was beloW 55 P^ z* cent. 
Belov this concentration conversion dropped off rapidly. The data of 
Bridger and Kapusta for the Roto-Louvre dryer quick curing show the same 
effect indicating a primary effect upon conversion of the moisture content 
of the original mixture. It was noted that at these higji acid concentrations 
the balls did not move freely in the mixture. 
The results of runs 891 91 and 120 in Table 3 indicate that hi^  con­
version (about 95 per cent) could be obtained if the drying were started 
immediately, without preliminary grinding. To check this, sanples were 
taken "wet" from the mill daring the grinding period and analyzed. In 
Figure 11 the effect of grinding time on the availability is shown. This 
indicates that long preliminary grinding is xinnecessary. However, con­
versions hi^ er than 86 per cent were not obtained. 
The drying step does, therefore, seem to increase the conversion* 
This has also been noted by Meyers (19) v^ o showed that concentrating a 
dilate phosphoric acid and rock mixture in a rotary dryer promoted the 
reaction. Several rapid^ curing processes have been built in Europe (10, 
23) on this basis. 
To determine whether the hi^  conversions obtained in the ball mill 
were the result of grindinjg or of go6d mixing or drying technique. 
0^ 05 To L5 IB 
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FIGURE 9. EFFECT OF ACIDULATION RATIO ON CONVERSION 
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acictulations were made uslzig a Sunbeam Mixroaster model 9 ^nd the labora-
toxy ball mill as a cotibrol. Analyses were made immediately after mixing 
(10 mimtes), after minutes in the Hixmaster and after ^>5 mimtes in the 
ball mill. The results are given in Table 4. It is evident that the ball 
mill is svperior. Furthermore, this process represents an in^ jrovanent in 
conversion over the process of Bridger and Kapusta (5) in vdiich the basis 
was drying technique alone. 
Table Conparison of conversion \<ith and without grinding 
Fjree 
acid Comr. 
Run San;>le per cent per cent 
S^ f-I Freshly mixed rock (10 mim) - 65 «0 
92-1 45 minutes in MLxmaater 9*05 7^ .6 
76-1 45 minutes in ball mill (cold) 7*60 82.5 
The results of the bench-scale work showed that a quick-curing process 
was possible using a laboratory ball mill. To show that the process could 
be adapted to a larger scale a pilot plant for prodaction of 50 to 100 
pounds per hour was constructed. It was erxpected that the pilot plant woiic 
would assist in solving the related problems in materials handling, grinding 
and heat transfer. 
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PILOT PLANT WORK 
Materials and E(^ praent 
The phosphate rock xised in the pilot plant runs was from the same 
lot as that used in the bench scale woz4c. The sulfuric acid used was 
66^  Baume acid obtained ffom the General Chemical Division of Allied 
Cheinical and Dore Corporation* The acid was diluted with distilled water 
to the desired strength. 
A flow sheet for the pilot plant is given in Figure 12, The pilot 
plant consisted essentially of a continuous, heated, lined tube mill with 
provision for feeding acid and rock and removing product. The acid 
entered the mill from a rotameter vMla the rock was fed with a vibra­
ting feeder. The acid and rock were mixed, ground and dried in the mill 
where the action of the balls and the addition of heat accelerated the 
reaction. The product was discharged from the opposite end of the mill 
in a powdered or granular form. The mill was heated IjQr means of an air 
heater connected to a shell arotind the tube mill. A portion of the used 
hot air was recycled while the remainder was blown from the building. The 
va^ jors frcan drying and the fluorides produced by the side reactions were 
removed at the feed end of the mill. They were scrubbed to remove the 
fluorides and separated in a cyclone to remove water droplets. The 
remaining gas was eadaausted from the building. A photograph of the pilot 
plant is shown in Figure 13. Figure Ik shows the product end of the mill. 
The tube mill itself was made from a 6 foot length of standard 12 
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VIBRATING 
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FIGURE 12. FLOW SHEET OF A QUICK-CURING PILOT PLANT FOR 
NORMAL SUPERPHOSPHATE 
Figure 13. Over-all view of quick-cured normal superphosphate 
pilot plant 
Figure 1^ . View of discharge end of tube mill 
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inch pipe. The two tires upon which the mill rolled were made from short 
sections of 1^  inch pipe machined to fit snagly over the 12 inch pipe. 
These tires rested on cast iron rollers mounted on ball bearing pillow 
blocks. A detailed description of the equipment is given in Table 5* 
The mill was driven by a 8:1 ratio chain drive from a Link Belt 
speed reducer to a large sprocket mounted on the 12 inch pipe. The ^ eed 
reducer was driven through a 1;1 V-belt drive by a 1 horsepower motor. 
The mill speed could, be varied if necessary l?y a change in the V-belt 
pulley size between the motor and speed reducer. 
The mill was lined with l6 gage stainless steel, type 302. This 
lining was attached to the mill, after it had been rolled to fit, with 
four, stainless steel angle irons running the length of the mill and 
bolted through the shell. The angle irons acted as "baffle bars" which 
lifted the balls and allowed thm to intact against the acid-rock mixture. 
Stainless steel ends were attached to the mill with socket head 
screws. Tapped holes for the screws were provided in the wall of the 
shell. The feed end contained a rotating seal enclosing the feed and 
exhaust ducts. 
The stationary heating jacket consisted of a 5^  inch section of 18 
inch outside diameter, l/^ f inch wall pipe. This length allowed space at 
each end of the heating jacket for the tire and drive i^ rocket mountings 
outside the jacket. Hot air entered the jacket tangentially at the center 
and vias removed tangentially at both ends. The relative tranperatures at 
either end were adjusted by controlling the hot air flow with dangers in 
the return air ducts. The hot air return ducts were joined and connected 
to a blower. From the blower a portion of the air was recycled through the 
y* 
Table 5* Description of purchased pilot plant equipment 
Itm Description 
Acid mixer 
Bearings 
Blower, mill 
Blower, exhaust 
Burner 
Controller 
Control motor 
Feed drive 
Gas valve 
Gas pressure 
regulator 
Humidity recorder 
Motor, blower 
Motor, mill 
Pun5) 
Rotameter 
Speed reduicer 
Sprockets 
Tamperature 
indicator 
Transformer 
Vibratory feeder 
Redmond model 3593» 115V., 6o <^ cle, 0.5 anp., 
series 3U, type L, I/I60 1^ . 
Link Belt, self aligning baU beazdngs, 1 in. 
shaft. Mo. P216 
Buffalo Forge Co., series U670, 12 in. 
iii5>eller, 3^ 00 r.p.m. 
Ilg fan, 1/100 hp., llOV., 60 cycle 
Hauck, model PAC-L-779 
Brown, model 602PlB-20-7^ , series ^ 53555t 
bulb 7^ 37-600, 115V,, 60 cycle motor, 
chart 12525 
Minneapolis-Honeywell Grad»U«Ifotor, model MO 
900C28X1 
Palomeyers mixer motor, model 7609-C, 1/18 1^ )., 
with z^ ieostat, llOV., 60 cycle 
Minneapolis-Honeywell magnetic gas valve» type 
V835A2DJ8, 3/i^  in., oz., 24V., 60 cycle, 
0.75 
Fisher Converter, type 730C-1, outlet 3-8 in., 
water column, orifice 1/2 in. 
Brown recorder, model 6882-609, series 4033^ 2, 
chart 1565, 0-100^  H., 0-100«F. 
Maible Card Electric Co,, Induction motor. 
No. 14317I 2 hp,, 3 phase, 220V., 60 cycle, 
5.5 amp,, 
Westin^ ouse induction motor, 11^ ., 3 phase, 
220-it40V., 60 cycle, series 5606, S# 1778265A 
Eastern Industries pun^ , Bl, type 100, assen. 
60189, series C3D1343, metal M. 
Fisher & Porter Flowrator, V67-403211 (plastic 
float, lead loaded) 
Link Belt worm gear drive, model WB3O-56, ratio 
5 5/6x1 
Link Belt, A.S.A. No. 50» 72 tooth ^ rocket 
(machined to fit 12 in. pipe) 
Brown indicating controller, model 105C2P-20-55 
series 237358, switch 25 anp. at lOOV# 
General Electric, oat. 2333* ^ 24V. secondary, 
llOV., 60 pycle primary* 50 watt 
y^ntron, type FCO, style 1283, HOV., 60 cycle, 
0.7 anqj., series E 50322331 
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burner irfiile the rest of the air vias exhausted from the building. 
Heat was supplied by a Hauck combination oiL-gas burner equipped for 
natTiral gas. A cmbustion chaniber was made from a 2 foot section of 12 
inch pipe surrounded by a 20 inch concentric shell of 16 gage sheet metal 
through which the recycle portion of the gases passed. The recycle stream 
entered tangentially at the burner end. The hot burner gases and recycle 
stream were mixed at the discharge end of the combustion diamber. 
The burner setting was regulated by a Minneapolis-Honeywell Grad-U-
Motor, a pneumatically operated mechanism. The air pressure to operate 
the motor \taa received from a Brown controller and recorder with a 1 to 
10 per cent proportional band. The output pressure to the motor depended 
both on the ten^ jerature indicated by the sensing element and the tempera­
ture at which the controller was set* The sensing element consisted of a 
liquid filled bulb. This was inserted in the duct for the air leaving 
the heating jacket of the mill at the product end. Therefore, the basis 
for control of the burner was this exit gas tenoperature. 
The gas was led to the burner throu^  a magnetic gas valve. This 
valve could be operated by opening and closing the electrical circuit to 
the magnetic valve. As a safety precaution, the temperature of the hot 
gases coming from the burner was measured by means of a theiroocouple 
and indicated on a Brown indicating controller. The controller was so 
connected that a sudden drop in ten^ eratujre, such as mi^ t be experienced 
fr<»i a flame failure, would be immediately indicated by a light and buzser. 
This was accoinplished by setting the set point of the controller to about 
10 degrees below the operating teoperatxire of the burner. 
The controls mentioned previously along with all of the other necessary 
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controls were conveniently located on a panel at the feed end of the mill. 
The panel is shown in Figure 15. Manometers for measuring the pressure of 
the burner air, the burner itself, the inlet end of the mill and both of 
the hot air return ducts, were likewise placed on the panel. 
The rock was fed by a Syntron vibrating feeder into a metal ftinnel 
connected by a 1 inch stainless steel tube to the mill. The tube contained 
a 5/8 inch auger driven by a laboratojy mixer to provide a continuous flow 
of solids into the mill. The acid was fed directly into the mill from a 
rotameter. Both the acid and rock entered the mill throu^  the stationary 
portion of the rotating seal. Because the rock feeder calibration was 
affected by humidity, a humidity and tenperature recorder was provided on 
the panel. 
The water vapor and fluorides were exhausted from the feed end of the 
mill with a small blower. The gases were scrubbed with water to remove the 
fluorides, exhausted throu^  a cyclone to remove water droplets and dis­
charged to the atmosphere by an Ilg blower. 
The sulfuric acid, approximately 93 per cent, was diluted to 50 per 
cent before use. This was acconplished in batches of about 35 pounds by 
mixing the water and acid in a 5 gallon porcelain crock ecpiipped \i±th 30 
feet of l/k inch, tygon coated, copper tubing for cooling. A laboratory 
mixer was used to agitate the solution for improved heat transfer. The 
dilution equipment is shown in Figure l6, 
Fl^ )ra a pipe connected to the bottom of the mixing vessel the cooled, 
mixed acid was puitped to a g^ ss storage receiver above the control panel. 
This allowed the acid to be fed to the mill gravity. Both the mixing 
vessel and the acid storage bottle were shielded with plexiglass in case 
Figure 15. Control panel for quick-cured normal superphosphate 
pilot plant 
Figure I6. Equipment used to dilute and cool sulfViric acid 
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of accidental breakage or other acid spillage. 
Procedure 
Before starting pilot plant operation it was necessary to heat the 
mill to near the operating t«t5>erature. This was accampli^ died by light­
ing the burner and setting the automatic controller to the desired t^ i^ jer-
ature^  With a 10 per cent proportional band used on the controller* the 
burner r«nained fUUy on until the temperature was within 20®F. of the 
set point. Approximately 11/2 hours vjere required to reach a teinperature 
of about at the product end of the mill. 
When the operating temj^ erature had been reached, the rock and acid 
feed were started at a predetermined rate. The feeding of the rock was 
generally started first (l) to prevent excess corrosion of the mill in 
the presence of free, hot sulfuric acid and (2) to prevent accumulation 
of moist\ii?e in rock feeder t\jbe which tended to clog the feeder. 
The first four runs were made to develop an operating technique and 
to find weak points in the pilot plant construction. After each of these 
runs eExtensive changes and repairs were made in preparation for a contlm-
ous, steady state run. Feeding, therefore, was intermittent in those runs 
and even in the early part of the final run. Irregular operation of the 
mill v;as experienced, because of partial plugging of the ajdiaust vent at 
the feed end. This caused accumulation of moisture and prevented drying 
of the product. Once this was remedied steady state could be readily 
reached. 
As criteria for steady state operation uniform feed and piroduct rates 
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were used* Thus» a material balance in and out was attained* 
From time to time it was necessary to dilute additional acid in the 
acid mixer and transfer it to the storage tank* Althou^  the water and 
acid were weired, the large tare wei^ t of the container and accessories 
plus the electrical and cooling water connections made the weighings less 
sensitive than desirable. Therefore, the concentration of the diluted acid 
was measured by means of an accurate hydroneter. The dilute acid was 
cooled to approximateily 80°F, before it was pxu^ ed to storage. 
Sanples were taken of the product from the mill by holding a san?>le 
bottle at the mill outlet. During steady state runs sanples were taken 
every half hour. 
Proper shutting down of the mill at the end of a run was a sin5>le 
but iiqportant procedure. First the acid and rock feed were stopped and 
the burner shut off. The reflux blow^ er was allowed to run» however, since 
the mill and heater were still hot. A strong stream of water vias then 
introduced into the feed end of the mill. The mill was allcwed to revolve 
until the effluent from the mill was clear. This assured that no partly 
reacted phosphate would remain in the mill to contaminate the following 
run and that all of the balls were free and clean. The mill was stopped 
at this point to drain the remaining water. A plug in the lower end of 
the mill v;as removed for draining. The blowers were then turned off. 
Results and Evaluation of Results 
Because the first four runs with the pilot plant vero made for the 
pmpose of evaluating operating technique and finding mechanical defects. 
little data were collected for those runs. However, the following changes 
were made which affected the subsequent pilot plant operation: (1) After 
the first run the rock and acid feeding method was changed to that previously 
described* During the first run both the acid and rock were introduced 
throu^  the same (glass) j^ innel containing a mixer. The fUnnel tuJse 
plugged frequently. (2) During the second znm hi^ er hot air ten^ era» 
tures were enployed and found to be desirable. (3) A more thorough method 
for washing was eiqployed after the third run. Abnormally hi^  SO^  analyses 
in the product f!rom the later part of the second, run were found. This was 
also foiind on the third run. It was surmised that the washing technique 
at the end of a run was responsible for leaching the soluble phosphate 
but leaving the insoluble sulfate in the mill, (k) A better scrubbing 
unit and cyclone were installed to alleviate plugging of the exhaust 
blower by silicic acid. (5) The rotary seal was modified and r^ laced 
on the fourth run. 
The data for the preliminary and the steady state runs are given in 
Table 6. The first digit of the sao^ le number indicates the irun number. 
The data for the last part of run 2 and run 3 have been omitted since poor 
washing technique at the end of the previous runs resulted in faulty SO^  
analyses. 
Difficulty was experienced with the variation of the vibrating feeder 
calibration with air humidity. To evaluate the changing rock flow rates, 
analyses were made for SO^  in the product. Since the only significant 
source of SO^  was the sulftiric acid and the rock was the only source of 
PgO^ , the acidulation ratio could be evaluated. 
Conversion of all sanples taken during good operation of the pilot 
( 
Table 6. Qulck-coring pilot plant data 
Rock Outlet Inlet 
feed air air Product analysis. per cent 
Sarnie rate ten^ . tenp. Total C.I. Avail. Free Acidul. 
no. (Ib./min.) ®F. OF. P2O5 P2O5 P2O3 COBV. Moist. add SO3 ratio 
1-01 0.50 350 620 19.4 2.3 17.1 88.2 11.0 5.0 27.6 1.71 
1.02 0.50 350 620 18.5 0.7 17.8 96.2 8.2 8.5 32.6 2.13 
2-01 0.30 400 770 20.7 0.0 20.7 100.0 1.66 — 36.1 2.33 
2-02 0.30 400 768 22.4 0.8 21.6 96.5 0.37 2.46 38.1 1.95 
Vol 0.50 450 . 825 25.2 10.4 14.8 58.7 2.72 1.76 21.3 1.00 
•^-02 0.50 450 800 24.0 6.6 17.4 72.5 3.74 1.07 23.3 1.06 
iW03 0.50 450 800 25.1 10.9 14.2 56.7 2.94 1.20 20.2 0.95 |^w0^  ^ 0.50 450 800 23.8 7.0 16.8 70.6 3.60 0.91 23.2 1.17 
4^-05 0.50 450 800 23.1 4.1 19.0 82.2 4.09 1.13 25.1 1.31 
5-01 0.35 450 8504- 22.3 4.7 17.6 79.0 4.03 2.07 26.0 1.41 
5-02 0.30 450 85C>f 20.0 2.0 18.0 90.0 4.78 2.25 29.9 1.80 
5-03 0.30 450 85<>^  20.8 3.3 17.5 84.2 3.70 3.43 29.4 1.71 
3-(A- 0.30 450 8501- 20.3 1.7 18.6 91.6 4.76 2.02 29.8 1.78 
5-05 0.20 450 8504- 21.5 2.7 18.8 87.5 3.86 3.31 29.5 1.66 
5-o6 0.20 450 8504- 21.1 0.9 20.2 95.8 6.98 1.89 29.2 1.67 
5-07 0.20 450 8504- 25.1 9.0 16,1 64.2 3.79 0.47 21.0 1.00 
5-08 0.20 450 8504- 27.2 14.2 13.0 47.8 2.67 0.76 18.3 0.80 
5-09 0.20 450 85CH- 27.0 15.1 11.9 iW.O 2.66 0.36 16.0 0.70 
5-10 0.20 450 8504- 27.7 16.5 11.2 40.5 2.42 0.28 14.2 0.60 
5-11 0.20 450 850f 26.8 15.2 11.6 43.3 1.88 0.25 12.7 0.55 
5-12 0.20^  450 85CM- 25.3 9.2 16.1 63.6 2.13 0.32 22.2 1.05 
ct Approach to steady state operation 
Table 6. (Contlmed) 
Rock Outlet Inlet 
feed air air Prodact analysis, per cent 
San^ le rate teqp. teo^ . Total C.I. Avail. Free Acidol. 
no. (Ib./min.) "F. ®F. 2^^ 5 2^®5 Conv. Moist, acid S(^  ratio 
5-13 0.20® 2*50 8504- 28.9 16.3 12.6 ^^ 3.6 lAl o.o6 16.8 0.69 
5-V* 0.20® 1*50 85(H- 27.4 15.4 12.0 43.8 1.76 0.00 16.8 0.72 
5-15 0.20® 1^ 50 850+ 27.5 15.0 12.5 45.5 0.62 0.00 15.4 0.66 
5-16 0.20a 1^ 50 850+ 27.3 13.1 14.2 52.0 0.46 0.00 21.0 0.92 
5-17 0.20® 450 8504- 26.4 10.8 15.6 59.1 2.07 0.50 22.5 1.02 
5-18 0.20® 450 8501- 25.2 11.8 13.4 53.2 5-80 0.26 17.4 0.82 
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plant is plotted in Figure 1? as a function of the acidulation ratio. 
The solid line represents the data from the bench-scale work taken from 
Figure 9» The data of Figujro 1? clearly show that the results from the 
pilot plant are equivalent to those of the bench-scale ball mill* It 
was unfortunate that steady state results were obtained when the acidu­
lation ratio was somewhat low (0.8-1.1). The data points near the conw. 
mercial acidulation ratio of 1.8 occurred during intermittent feeding. 
The most inportant aspect of the pilot plant work, not shown in the 
data, was that the sticky normal supeiphosphate mixture co\ild be handled 
adequately on a continuous basis. 
It was noted that at a product moisture content of approximately 5 
per cent, a granular product was obtained. At lower moisture contents 
the product was a fine powder. 
The method of feeding, althou^  adequate for a pilot plant, could 
conceivably be changed for coranercial scale production to a funnel type 
mixer having no moving parts (3). 
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BENCH-SCALE RESULTS 
PRELIMINARY RUNS 
STEADY STATE RUN 
0.6 1.0 1.5 2.0 
ACIDULATION RATIO, LB. ACID/LB. P2O5 
FIGURE 17. ACIDULATION RATIO AND CONVERSION OF PRODUCT 
FROM PILOT PLANT RUNS 
k6 
ECONOMIC EVALUATION OF THE PROCESS 
Proposed Process 
A proposed layout for a 480 ton per day, c^ lck-cured, normsQ. supexw 
phosphate plant is shown in Figare 18, In the proposed layout the rock 
and acid are brou^ t in by railroad cars. The rock is conveyed to a 
storage pile of two weeks ca^ acil^  and the acid is pujqped to a tank 
holding 10 days supply. The rock is moved by conveyor flrom the storage 
pile to overhead hoppers vriiich discharge into each of the five tube mills. 
The acid and water for dilution are pumped to the mills and automaticsLlIy 
metejred in proportion to the rock. Since it has been reported that a ball 
or t\ibe mill is capable of handling the grinding of phosphate rock (21, 23)» 
no preliminary rock grinding eqoipment has been provided. In addition, the 
break-up of the rock on addition of acid could be used to advantage. 
The product from the tube mills is moved by belt conveyor to an auto­
matic bagging machine. Storage facilities for the bagged product for two 
weeks are provided. 
An exhaust system for the mills is provided with a scrubber to remove 
the fluorides. The mills are heated by oil burners for each \uiit. The oil 
may likewise be brou^ t in by railroad car. A supply of oil for 10 days to 
two weeks is k^ t on hand. 
' The size of the tube mills used was selected on the basis of the heat 
transfer area required for removal of the moisture. This siae tiirned out 
to be many times the capacity of the mill so that grinding should be more 
7^ 
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than adequate* Scane of the assunptions used in the sizing of the tube mill 
were: 
1. The heating gases would be between 600 and 1200OF* 
2. The over-all heat transfer coefficient throu^  the mill would 
be 8 B.t.u,/(hr»)(oF.)(ft.)^ . 
3> mill would have a stainless steel liner. 
The heat of reaction, 105*000 B*t*u. per pound mole, would be 
conserved, 
5. The heat from the inefficiency of grinding would not be 
considered* 
Economic Evaluation 
An estimate of the total fixed capital cost for a conventional normal 
scqpezphosphate plant and for the proposed q^ ick-curing plant is presented 
in Table 7« Althou^  the total cost for the two processes is about the 
same, individual items in the cost estimate vary greatly. Since the batch 
normal supezphosphate plant requires storage facilities for curing for 30 
days, the handling and storage equipment for this plant is the biggest 
item. For the quick-curing process the grinding equipment which includes 
the stainless steel lined tube mills is the biggest item. Althou^  $50,000 
is listed for both processes for bagging equipment, the author who con^ iled 
the costs for the batch process (12) included supexpho^ hate grinding 
equipment in this figure. 
The manufacturing costs for the two processes are conpiled in Table 
8. Because the quick-curing process is well adapted to automatic control. 
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Table 7* Fixed capital cost estimates for batch and quick-curing 
supexpho^ hate plants 
Basiss Product •• Noznal supexphosphate, 20 per cent 
available 
Capacity - 120,000 shoxx tons/year 
Location - Ames, Iowa 
(Based ori December. 1956 costs) 
Installed cost, ^ llars^  
Iten BSE3i c^k~cure 
Land and railroad siding 18,500 18,500 
Process building 91.500 87,900 
Materials handling and storage 
facilities 
0^,000 233.100 
Major grinding equiisnent 60,000 2^ 1-3,700 
Acid mixing and dilution equipment 
and dens 
65,000 
-
Heating equipmerct 15,100 
Instrumentation and controls 
-
20,500 
Bagging equipment 50,000^  50,000 
Contingencies, 20!^  137,000 133.800 
Total installed equipnoent 822,000 802,600 
-i- insurance and taxes, 2^  16,400 16,100 
+ contractor profit, 1(^  83,800 81,900 
+ construction overhead, 155^  1?8,200 135.100 
Total fixed capital investment 1,060,500 1.035.700 
T^he equipment costs for the batch process are taken reference 
(11), Comparable costs for the qoick-cure process, as well as the buarden 
items for both processes, have been estimated from references (1, 29» 32). 
I^ncludes superphosphate grinding equipanent 
Table 8. Production cost estimates for batch and qaicls^ cured nonaal si^ erphosphate plants 
Basis: 1 ton of noznal superpho^ hate I/acation: Ames, loma 
205^  available P2O5 Acid source: St. I^ suis, Mo. 
20 tons/hour source: l&Qberty, Sla. 
250 days/year 
Batch Qtiick-core 
Item Unit cost Qaantity/ton Cost/ton Quantity/ton Cost/ton 
Rau* isaterials 
Acid 
Rock 
Water 
Labor 
Unskilled 
Semiskilled 
Skilled 
Supervision 
Reserve 
$35.15/T. 
15.090I^ /T. 
O.Oii-/T. 
$ 1.60/hr. 
2,10/hr. 
2.50/hr. 
3.00/hr. 
2C^  of above 
Services 
Power 
Heat 
Water 
Maintenance 
including labor 
Packaging 
Indirect costs 
Depreciation Ip^ /yr. of fixed capital 
Taxes and insurance i^ /yr. of fixed cap3 
Overhead 5^  of labor 
Total production cost 
$ 0,02/ktf.-hr. 
0.000it67/l0CX) B.t.u. 
0.03/1000 gal. 
20^ /yr. of fixed capital 
$ 0.15/bag 
0.371 T. $13.04 0.371 T. $13.04 
0.59^  T. 9.45 0.39^  T. 9.45 
0.341 T. 0.01 0.341 T. 0.01 
$22.50 $22.50 
0.150 naiwhr. $ 0.24 0.100 man-hr. $ 0.16 
0.150 maiwhr. 0.32 0.100 man-hr. 0.21 
0.100 man-hr. 0.25 0.050 man-hr. 0.12 
0,0167 marwhr. 0.05 0.0167 maD>hr. 0.05 
0.16 o.n 
$ 1.02 $ 0.65 
20.83 kw.-hr. $ 0.42 16.67 lo^ .-hr. $ 0.33 
577.000 B.t.u. 0.00 577.000 B.t.u. 0.27 
208 gal. 0.01 833 gal. 0.03 
0,¥h 0.43 
3.60 3.60 
0.88 0.86 
-tal 0.27 0.26 
0.51 
$29.65 $29.26 
Ux 
o 
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considerable saving in labor is affected. Part of the saving, however, is 
cancelled by the cost of heat in the quick curing process. 
The working capital, net profit and return on investment are compared 
in Table 9 for the batch and qoick^ curing plants. The principle advantage 
for the quick-curing process is in the reduction of working capital. The 
batch process reqoires curing of the product for 30 days with a resulting 
large inventory; the quick-curing process requires no curing. 
It may be concluded from these estimates that the quick-curing process 
is economically favorable in conqparison with the batch, normal superphosphate 
process. 
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Table 9* Conparison of estimated rettxm on investment for batch and 
quick-ciired superphosphate plants 
Basis t Product -> Normal superphosphate 
20 per cent available "^ 2^ 5 
Capacity - 20 tons/hr., 250 days/yi^  
Location » Ames, Iowa 
Itaa Cost/ton 
Batch 
Amount 
Qoick-cure 
Cost/ton Amount 
Annual sales^  
Manufactviring cost 
Gross profit 
Administration and 
selling cost at 3 
per cent of annual 
sales 
Net profit, before 
taxes 
Taxes, 50 per cent 
profit, after 
taxes 
Working capital 
Raw materials iixventozy 
$32.3'4' 
Acid, 10 days 
Rock, 2 weeks 
In process inventoiy 
Product inventoiy 
Production for 
30 days 
Credit, 30 days 
Total lurking c£^ ital 
$35.15 
15.09 
29.65 
29.65 
29.65 
32.3^  
Fixed capital 
Total fixed + working capital 
Per cent return on investment 
$3,880,800 
3»558,000 
322,800 
116,400 
206,400 
103.200 
$ 103,200 
$ 62,500 
60,300. 
427,000° 
199.200 
427,000 
• y5r5oo 
$1,641,500 
$1.060.500 
$2,702,000 
3.82 
$32.34 
$35.15 
15.09 
29.26 
29.26 
29.26 
32.34 
$3,880,800 
3,511,200 
369,600 
116,400 
253,200 
126.600 
$ 126,600 
$ 62,500 
60,300 
1,500 
199,000 
421,000 
465.500 
$1,209,800 
$1,035,700 
$2,245,500 
5.63 
®Based on current dealer's price in Des Moines, Iowa 
^^ sed on 30 days storage 
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CONCLUSIONS 
The following conclusions may be drawn on the basis of this work on 
quick-curing normal superphosphate in a ball millt 
1. Normal superphosphate of commercially maz^ etable grade can 
be prodaced without curing by ball mill grinding during 
acidulation and subsequent drying. 
Z ,  Both acidulation and drying may be accon^ Ushed in a 
' single unit on a pilot plant scale. 
3. Phosphorus pentoxide conversions higher than 95 cent 
can be obtained on both a laboratory and pilot plant scale. 
k* The pilot plant can be operated satisfactorily on an inter­
mittent or continuous basis and at acidulation ratios of 0.7 
to 1.8 pounds of acid per pound of ^^ e rock. 
5. The proposed process ^ pears to be economically favorable in 
con^ arison to the conventional process. 
6. The fixed capital and manufacturing cost for the quick-curing 
process are slightly lower than for the conventional process 
while the working capital is considerably loxfer. 
5^  
RECOMMENDATIONS 
The following are reeommendBd with regard to flurther operation of 
the pilot plaxit: 
1. The optintum operating conditions of the plant shoxild be 
deterosined. 
2. The maximum capacity of the pilot plant should be 
detexrained. 
3. The operating conditions suitable for the direct 
prodaction of a granular product should be determined. 
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APPENDIX A 
Analyses During Curing of Laboratory and Commercial Sau^ jles 
61 
Table 10* Change in analysis of laboratoxy and conmercial normal 
supezphosfphate daring curing 
Curing Product analysis, per cent 
San?)le time, iTotal C.I, Avail. Free 
no. days 2^®5 Conv. acid 
Laboratory satqples^  
81|«I 
8IWII 
8»l-ni 
84-IV 
96-1° 
0 19.J^  6.8 12.6 65.0 
1 19.^  ^ .^9 2h,5 74.8 13.10 
2 19.6 3.^  16.2 82.6 6.6tf 
12 19.9 0.7 19.2 96.5 2.08 
26 21.8 0.5 21.3 97.8 
3 13.8 1.9 11.9 86.2 
0 19.60 2.51 17.09 87.1 10.97 
1 19.80 l.if3 18.38 92.8 7.85 
2 19.98 1.2^ f 18.74 93.5 8.22 
3 19.98 l.l^ f 18.84 94.3 7.91 
19.90 0.95 18.95 95.2 6.49 
7 19.98 0.85 19.13 95.7 5.88 
8 19.92 0.75 19.17 96.2 5.64 
9 19.88 0.78 19.18 96.4 5.39 
11 20.12 0.70 19.42 96.5 4.90 
lif 20.02 0.65 19.37 96.7 4.90 
15 20.12 0.55 19.57 97.2 4.66 
16 20.00 0.55 19.45 97.3 4.53 
19 20.10 0.45 19.65 97.7 4.41 
20 19.98 0.37 19.61 98.0 4.41 
21 20.10 0A5 19.65 97.7 4.17 
23 20.08 0,40 19.68 97.9 3.92 
30 20.32 0.37 19.95 98.2 3.^ 3 
36 20.10 0.25 19.85 98.7 3.31 
C^ontrol saitples cured in laboratory 
S^inall san^ ile mixed with 39*1 per cent acid and cured for three days. 
'Industrial sanples reported by Sieras (28) 
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APPENDIX B 
Effectiveness of Grinding 
EarOy work with the laboratory ball mill raised a question of the 
effectiveness of the grinding acconplished in the mill. In order to 
evaluate this, size determinations were made on samples before and after 
grinding. Sanples were taken from the mill and immediately washed with 
distilled water to remove any free acid or dissolved materials. The 
mixture was filtered and rewashed and the product either screened or 
examined with a microscope. 
Particle sizes larger than 200 mesh (7^  microns) were determined by 
wet screening throu^  standaird Tyler screens. From the wei^ t of material 
retained on each screen, a size distribution curve was determined. 
Particle sizes and distributions below 200 mesh were determined by 
counting the number of particles in a given size range under a microscope 
fitted with a Bausch and Lonib microscope screw micrometer eyepiece. The 
eyepiece was calibrated against a micrometer graduated to 0.01 millimeters. 
Wei^ t distributions for these particles were coraputed on the pranise that 
the weight of each particle in a given size range was proportional to the 
cube of the average diameter in that size range. 
The measured size distribution are given in Table 11 and plotted in 
Figures 19, 20 and 21. The change in size distribution caused by acidulation 
was slight as shown by Figure 19. The difference in distributions as shown 
may be attributed to experimental error. Although a large number of fine 
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Table 11. Screen analysis and microscope count data 
Tyler Size Approx. Weight Cumul. 
screen range. No. relative per weight 
Material size roicrons count wei^ t cent per cent 
Raw +65 +208 7.1 100.0 
phosphate 
-65 -208 15.1 92.9 
rock -100 -lif? 7.5 77.8 
-.150 27.2 70.3 
(200) 
-75 27 512 36.0 43.1 
-37.6 28 64 4.6 7.1 
-18.8 90 8 1.9 2.5 
288 1 0.6 0.6 
Acidulated +65 +208 13.5 100.0 
phosphate 
-65 -208 15.7 86.5 
rock -100 -2h7 17.7 70.8 
-150 -104- 17.2 53.1 
-200 
-7^  
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21.7 35.9 
-38.^  5^ 11.3 14.2 
-19.2 80 8 2.3 2.9 
-9.6 146 1 0.6 0.6 
Acidulated 
-150 1 4096 51.1 100.0 
rock, grd. 
-75.2 2 512 12.8 48.9 
15 min^  
-37.6 2k 64 19.2 36.1 
-18.8 80 8 8.0 16.9 
-9.^  715 1 8.9 8.9 
Aoidulated 
-30 -30 1j20 3380 2.2 100.0 
rock, grd. 
-15 -15 3 729 28.7 97.8 
30 min. -10.5 -10.5 17 216 48.1 69.1 
-6.7 -6.7 15 27 18.5 21.0 
-2.8 -2*8 195 1 2.5 2.5 
Acidulated 
-15 6 729 53.0 100.0 
rock, grd. -10.5 13 216 34.1 47.0 
60 inin. 
-6.7 y* 27 11.1 12.9 
-2.8 146 1 1.8 1.8 
Small mill -10.5 2 216 13.6 100.0 
load, grd. 
-6.7 96 27 8I.7 86.4 
60 min. -2.8 148 1 4.7 4.7 
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particles were formed upon acidulation, th^  contributed very little to 
the total wei^ t. Effective grinding apparently took place rapidly in 
the laboratory ball miU. The changes in distribution during grinding 
are shown in Figure 20. Grinding for longer than 30 minutes appeared to 
be unnecessary. Figure 21 shows the effect of a very small mill load 
(59*2 grains con^ ared to a usual load of 236.7 grams) at a grinding time 
of one hour. Althou^  further grinding was acconplished, its economy is 
doubt i\il. 
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APPENDIX C 
Dicalcium Phosphate Formation 
The use of an acidulation ratio of less than the usual 1.8 generally 
resulted in reduced conversion. Theoretically, some dicalcium phosphate 
should result instead of monocalcium phosphate according to the following 
equation! 
CaioF2(^ %>6 3H2S(^ -.-6CaHP0;^  + 3CaS0^  + CaFg 
From this equation it may be seen that the acid required to produce 
dicalcium pho^ hate would be only one-half that required to produce mono-
calcium phosphate. In an attenpt to promote this reaction, it was postu­
lated that grinding during the acidulation in the laboratory ball mill 
would prevent CaSOi^  formation on the rock particles and allow the reaction 
to go to completion at low acidulation ]*atios. Thus, at an acidulation 
ratio of 0.7 the reaction could conceivably go to completion giving 100 
per cent conversion. 
Therefore, the effect of different operating conditions in the ball 
mill were investigated relative to the possible production of dicalcium 
phosphate. An acidulation ratio of l,k5 was used. The acid concentration 
and drying tenperature were those previously determined by other workers 
at Iowa State College: that is, 35 cent sulfuric acid and 185®C. 
drying chamber temperature. The variables studied were ball mill load 
and drying time. The results of these studies are given in Table 12. 
Table 12. Data for the production of dicalcium phosphate 
Product analysis, per cent 
Wei^ t Drying Water C.I. Water 
san?>le time Total sol, insol. insol. Avail. 
Run gns. hrs. 2^^ 5 2^°5 2^®5 2^®5 Coiw. ifoist. 
14 236.7 1.00 23.1 8.5 4.2 10.4 I8.9 81.9 
17 365.1 1.00 22.6 12.8 4.6 5.2 18.0 79.6 
26 118.4 0.50 23.8 9.2 5.6 8.2 17.4 75.7 1.5 
27 59.2 0.50 22.4 6.8 4.4 11.2 18.0 80.4 
28 118.4 1.00 23.1 8.5 5.0 9.6 18.1 78.4 1.5 
29 118.4 0.50 22.6 11.3 5.4 5.9 17.2 76.2 
31 59.2 0.50 21.0 9.2 3.8 8.0 17.2 81.9 
33 177.6 0.50 22.3 7.4 6.1 8.0 16.2 72.7 3.4 
39 236.7 0.50 22.3 12.7 6.1 3.5 16.2 72.7 
42 236.7 0.50 22.4 14.6 5.0 3.8 17.4 77.6 2.3 
43 118.4 1.00 23.0 9.2 5.4 8.4 17.6 76.5 
118.4 1.50 22.9 10.1 5.0 7.8 17.9 78.1 1.3 
45 118.4 0.25 21.8 13.9 4.2 3.7 17.6 80.7 3.2 
51 365.1 0.50 22.1 15.7 4.4 2.0 17.7 80.0 
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These results are plotted in Figures 22 and 23 • Pho^ horus pentoxide 
conversion is used in these correlations as a ^ ynoniym of availability 
which is the basis for the selling price of the fertilizer. The per 
cent water insoluble phosphorus pentoxide is a measure of the dicalcitun 
pho^ hate content of the san^ le. 
For 30 minutes drying time, the effect of the size of the mill load 
on the overwall phosphorus pentoxide conversion is plotted in Figure 22. 
Final conversion for all mill loads was low. The slightly increased 
conversion with small mill loads may be attributed to increased grinding 
action. The increased conversion at large mill loads syppeared to be 
related to the dxying rate. With a larger mill load the reduction of 
the fractional moisture content is slower than with a small mill load, 
other conditions being the same. 
The possibility of hi^ er final moisture contents being an inportanfc 
factor in the higher conversion with larger mill loads was considered. 
However, as shown in Figure 23, exc^ t at very high moistures and short 
drying times, the primary effect of increased diying time was to increase 
conversion sli^ tly. 
Maxy other combinations of drying temperatures and drying tJjnes were 
used but none gave pho^ horus pentoxide conversions which were appreciably 
better. 
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FIGURE 22. EFFECT OF MILL LOAD ON CONVER­
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VERSION (118.4 GM. MILL LOAD) 
